I. Introduction
In 2009, in inclusive e + e − interactions, two new charmed-strange states D s1 (2710) and D sJ (2860) were observed by the BaBar Collaboration in both DK and D * K channels [1] . The available experimental results on these two states are as follows: 
M (D(2600) 0 ) = 2608.7 ± 2.4 ± 2.5 MeV, Γ(D(2600) 0 ) = 93 ± 6 ± 13 MeV,
M (D(2760) 0 ) = 2763.3 ± 2.3 ± 2.3 MeV, Γ(D(2760) 0 ) = 60.9 ± 5.1 ± 3.6 MeV,
M (D(2750) 0 ) = 2752.4 ± 1.7 ± 2.7 MeV, Γ(D(2750) 0 ) = 71 ± 6 ± 11 MeV,
and the following ratios of branching fractions were also obtained : the observed open-charm states are dominated by the simpleuark content [3, 4, 5, 6, 3, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . It is natural and necessary to exhaust the possible conventionaldescriptions before resorting to more exotic interpretations [18] . Further theoretical efforts are still required in order to satisfactorily explain the data concerning these open-charm states. In this work, we shall investigate the masses as well as strong and radiative decays of these newly observed states in the nonrelativistic constituent quark model and try to clarify their possible quarkonium assignments by comparing our predictions with the experiment.
The organization of this paper is as follows. In Sec. II, we calculate the open-charm mesons masses in a nonrelativistic constituent quark model and give the possible assignments for these open-charm states based on their observed masses and decay modes. In Sec. III, we investigate, with the 3 P 0 decay model, the strong decays of these states for different possible assignments.
The radiative transitions of these states are given in Sec. IV. The summary and conclusion are given in Sec. V.
II. Masses
To estimate the masses of cū and cs states, we employ a simple nonrelativistic constituent quark model which was proposed by Lakhina and Swanson and turns out to be able to describe the heavy-light meson and the charmonium masses with reasonable accuracy. [19] . In this model, the Hamiltonian is
where H 0 is the zeroth-order Hamiltonian, H sd is the spin-dependent Hamiltonian, and Cis a constant. The H 0 is
α s r + br + 32α s σ 3 e −σ 2 r 2 9 √ πm q mq S q · Sq,
where r=|r| is theseparation, M r = 2m q mq/(m q + mq); m q and S q (mq and Sq) are the mass and spin of the constituent quark q (antiquarkq), respectively. The H sd is
Here L is the relative orbital angular momentum between q andq, and
α s r + br, 
where γ E = 0.5772 and the scale µ has been set to 1. GeV. These quark masses are also used in both strong and radiative decays computations.
The heavy-light mesons are not the charge conjugation eigenstates and hence mixing can occur between the two states with J = L. This mixing can be parameterized as [20] cq (nL)
where φ is the mixing angle and q denotes u or s quark. The cq ′ (nL) refers to the higher mass state.
With the help of the Mathematica program [21] , solving the Schrödinger equation with Hamiltonian H 0 and evaluating the H sd in leading-order perturbation theory, one can obtain the open charm mesons masses as shown in Tables 1-2 . 1 For comparison, the corresponding masses predicted by some other approaches such as the Blankenbecler-Sugar equation [22] and the relativistic quark model [20, 23, 24, 25] are also listed.
It is clear from Tables 1 and 2 between the expectations from the quark model (11) and those from other approaches, especially the Blankenbecler-Sugar equation [22] and the relativistic quark model [23] , is good, which hence encourages us to discuss the possible assignments for the newly observed open-charm states based on the expectations of our employed quark model. Among these newly observed opencharm states, the J P of D s1 (2710) is determined to be 1 − experimentally [27] , while the spinparity quantum numbers of the other states are still unsettled. According to the observed decay modes, the possible spin-parity quantum numbers of these open-charm states are listed in Table   3 .
We shall discuss the possible quarkonium assignments for these open-charm states based on Tables 1, 2 Below, we shall focus on these possible assignments for the observed open-charm states as shown in Table 4 . The mass information alone is insufficient to classify these new open-charm states. Their decay properties also need to be compared with model expectations. We shall discuss the decay dynamics of these states in next section.
III. Strong decays A. Model parameters
In this section, we shall employ the 3 P 0 model to evaluate the tow-body open-flavor strong decays of the initial state. The 3 P 0 model, also known as the quark pair creation model, has been extensively applied to evaluate the strong decays of mesons from lightto heavy cb, since 
it gives a considerably good description of many observed decay amplitudes and partial widths of hadrons. Some detailed reviews on the 3 P 0 model can be found in Refs. [28, 29, 30, 31, 32] .
Also, the simple harmonic oscillator (SHO) approximation for spatial wave functions of mesons is used in the strong decays computations. This is typical of strong decay calculations. The SHO wave functions have the advantage that decay amplitudes and widths can be determined analytically, and it has been demonstrated that the numerical results are usually not strongly dependent on the details of the spatial wave functions of mesons [32, 33, 34, 35] . The explicit expression for the decay width employed in this work can be seen in Refs. [36] .
The parameters involved in the 3 P 0 model include the constituent quarks masses, the SHO wave function scale parameters β's, and the light nonstrange quark pair creation strength γ.
The γ and the strange quark pair creation strength γ ss can be related by γ ss ≈ γ/ √ 3 [37] . The constituent quarks masses m u , m d , m s , and m c are the same as those used in the constituent quark model (11) . The SHO wave function scale parameters are taken to be the effective β's obtained by equating the root mean square radius of the SHO wave function to that obtained from the nonrelativistic quark model (11) . The meson effective β's used in this work are listed in Table 5 . The remaining parameter γ is an overall factor in the width. By fitting to 19 wellestablished experimental decay widths, 3 we obtain γ = 0.452 ± 0.105, consistent with 0.485 ± 0.15 obtained by Close and Swanson from their model [38] . The γ uncertainty means that the 3 The decay modes used in our fit are
The corresponding data are from PDG [26] .
theoretical width has an uncertainty of δΓ ≃ 0.47Γ. It is perhaps no surprise that the prediction has a larger uncertainty due to the larger errors of data as well as the decay model which is tuned for strong decays of momenta of hundreds of MeV.
The meson masses used to determine the phase space and final state momenta in both strong and radiative decays computations are [1, 2, 26 ] M π ± = 139.57 MeV, M π 0 = 134.98 MeV, 
, and η = (uū + dd)/2 − ss/ √ 2. Also, we set
The n 3 L J -n 1 L J mixing angles are taken as those determined in the mass estimates. 
B. D(2550)
The decay widths of D(2550) as D(2 1 S 0 ) are shown in Table 6 
C. D(2600)
In the 2S-1D mixing scenario, the eigenvectors of D 1 (2600) and its partner D 1 (M X ) can be written as
where the θ is the D(2 3 S 1 )-D(1 3 D 1 ) mixing angle and M X denotes the mass of the physical
The predicted decay widths of D(2600) are listed in Table 7 
Other approaches predicted that the D(M X ) would lie in about 2.7 ∼ 2.8
GeV (see Table 1 ). The total width and branching ratio Γ(
functions of the initial state mass M X and the mixing angle θ are illustrated in Fig. 2 . The M X is restricted to be 2700 ∼ 2800 MeV and θ is restricted to be 0.364 ∼ 0.4 radians. MeV) [16] . The D (1 3 D 3 ) interpretation for the D(2760) therefore appears suitable. The width of D(2 3 P 0 ) is predicted to be about 135 MeV, about 70 MeV higher than 60.9 ± 5.6 ± 3.1 MeV.
However, the lower limit of the D(2 3 P 0 )'s total width is expected to be bout 72 MeV, compatible with the measurement, which makes the D(2 3 P 0 ) assignments for the D(2750) also plausible. E. D s1 (2710) and D sJ (2860)
In the 2S-1D mixing scenario, the eigenvectors of D s1 (2710) and its partner D s1 (M Y ) can be written as
where the θ 1 is the D s Fig. 4 (a) ). Also, in this mixing angle range, the main decay modes are DK and D * K (see The studies in a chiral quark model [13] and a 3 P 0 model [14] also favor this interpretation. Future experimental information on the D s1 (2710) in the remaining channels D s η and D * s η can provide a consistent check for this assignment.
is expected to have a mass of about 2.81 GeV. Other approaches predicted M Y ≃ 2.8 ∼ 2.9 GeV (see Table 2 ). The total width and the branching ratio Γ(D * K)/Γ(DK) for the D s1 (M Y ) as functions of the initial The D sJ (2860) could also be the D s (1 3 D 3 ) as shown in Table 4 . In this case, the decay widths are listed in Table 12 This assignment is also favored by the studies in the 3 P 0 model [14] and lattice QCD [40] . D * s η, and DK * channels is crucial to distinguish these two possible assignments.
F. D sJ (3040)
The decay widths of D sJ (3040) as D s1 (2P ) or D ′ s1 (2P ) are listed in Table 13 . is predicted to be broader than the one of T doublet [12, 39] . The similar conclusion has been reached in calculations from the 3 P 0 model [12] and the chiral quark model [13] . 
IV. Radiative decays
It is well known that radiative transitions can probe the internal charge structure of hadrons, and therefore they will likely play an important role in determining the quantum numbers and n ′ 2S ′ +1 L ′ J ′ cq states in the nonrelativistic quark model are given by [38, 41] 
where
, Q c and Q q denote the quark c and q charges in units of |e|, respectively. α = 1/137 is the fine-structure constant, E γ is the final photon energy, E f is the energy of the final state n ′ 2S ′ +1 L ′ J ′ , M i is the initial state mass, and the angular matrix element C f i is
The wave functions used to evaluate the matrix element v ′ |r|v and v ′ |j 0 (E γ r/2)|v are obtained from the nonrelativistic quark model (11) . According to the PDG [26] , the well estab- Table 18 .
As can be seen in Table 15 Estimates of decay widths containing θ are given in terms of θ = 0.4 radians. A symbol"×" indicates that a decay mode is forbidden. V. Summary and conclusion Mass spectra alone are insufficient to determine the quantum numbers of these open-charm 
